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Abstract

Upper Atmosphere Research Satellite flight data from the first 737 days after launch (September 1991) was
used to investigate spacecraft disturbances and responses. The investigation included two in-flight dynamics
experiments (approxiamtely three orbits each). Orbital and configuration influences on spacecraft dynamic
response were also examined. Orbital influences were due to temperature variation from crossing the
Earth’s terminator and variation of the solar incident energy as the orbit precessed. During the terminator
crossing, the rapid ambient temperature change caused the spacecraft’s two flexible appendages to experience
thermal elastic bending (thermal snap). The resulting response was dependent upon the orientation of the
solar array and the solar incident energy. Orbital influences were also caused by on-board and environmental
disturbances and spacecraft configuration changes resulting in dynamic responses which were repeated each
orbit. Configuration influences were due to solar array rotation changing spacecraft modal properties. The
investigation quantified the spacecraft dynamic response produced by the solar array and high gain antenna
harmonic drive disturbances. The solar array’s harmonic drive output resonated two solar array modes.
Friction in the solar array gear drive provided sufficient energy dissipation which prevented the solar panels
from resonating catastrophically; however, the solar array vibration amplitude was excessively large. The

resulting vibration had a latitude-specific pattern.
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1. Introduction

On September 12, 1991, NASA launched the Upper Atmosphere Research Satellite (UARS) " 2. The goal
of UARS was to carry out the first systematic, comprehensive study of the stratosphere and to furnish new
data on the mesosphere and thermosphere. UARS provided critical data on the chemical composition of the
upper atmosphere, particularly the structure of the Earth's protective ozone layer in the stratosphere. This

satellite mission was the first element of a long-term national program to study global atmospheric change.

In addition to its atmospheric sciences mission, data from the first 737 days past the launch of UARS was
used to investigate in-flight spacecraft dynamics. Figs. 1 and 2 show the spacecraft in pre-launch and
operating configurations, respectively. Although the UARS spacecraft was used in this study, identification
and measurement of spacecraft disturbances and their respective response can be used to increase the
accuracy of pre-launch predictions on many spacecraft''’. Furthermore, as instrument pointing requirements
become more demanding, spacecraft disturbances that were previously unimportant are becoming limiting
factors in the quality of science data. The investigation included two in-flight experiments (approximately

three-orbit each) using UARS.

Objectives of the first experiment were to isolate all disturbances known before launch, create disturbance
combinations, create spacecraft dynamic responses suitable for system identification, examine spacecraft
quiescence and identify any disturbances not known before launch. A primary goal of the experiment was to
determine how each instrument and subsystem disturbance contributed to the overall spacecraft dynamic
response. The first experiment was conducted during the last four hours of May 1, 1992 (233rd day after
launch, Greenwich Mean Time), five hours after the spacecraft had rotated 180 degrees about its yaw axis.
Analysis of flight data before the experiment indicated that the solar array edgewise and flatwise modes were
constantly excited. Prelaunch analysis indicated that the Microwave Limb Sounder (Fig. 1) antenna limb
viewing scan profile was the excitation source. Thus, the experiment provided a means to identify the solar

array excitation source.

Examination of data from the first experiment lead to the conclusion that the solar array drive was the
dominant disturbance source. Prelaunch analysis had predicted that any disturbance produced by the solar
array drive was negliable. Furthermore, the data from the first experiment provided cases to examine
payload-payload interaction. The second experiment was conducted on September 17 , 1993 from 1300
through 1705 (737th day after launch, Greenwich Mean Time). Part of second experiment was conducted

during the spacecraft yaw maneuver to examine spacecraft dynamics when the solar array was stationary.



The objectives of the second experiment were the same as those of the first. However, the second
experiment focused more on payload-payload interaction and examining the dynamic response due to the

instruments and subsystems without the influence of the solar array drive.

Flight data from the first 737 days after the launch was also analyzed to determine the orbital effects and
spacecraft configuration effects on the spacecraft dynamic response. Orbital influences were due to
temperature variation from crossing the Earth’s terminator and variation of the solar incident energy as the
orbit precessed' . Configuration influences were due to solar array rotation. The rotation changed
spacecraft modal properties and the amount of solar energy incident upon the solar array. During the
terminator crossing, the rapid ambient temperature change caused the spacecraft’s two flexible appendages
to experience thermal elastic bending (thermal snap). The resulting response was dependent upon the
orientation of the solar array and the solar incident energy. Orbital influences were also caused by on-board
and environmental disturbances and spacecraft configuration changes (due to solar array rotation) resulting in

dynamic responses which were repeated each orbit.

The UARS solar array rotated about an axis parallel to the spacecraft’s pitch axis at a rotation rate which
results in a complete revolution for each orbit. The solar array rotation was dynamically equivalent to the
solar array being stationary and the spacecraft rotating about the solar array drive shaft. The UARS yaw
inertia was significantly higher than the roll inertia. During rotations, the inertia at the drive shaft (tip
inertia) would vary from the roll inertia to the yaw inertia. The tip inertia, the modal properties of the solar
array and the response amplitude varied harmonically at twice the orbital frequency. Three effects were
observed. The first effect was that when the disturbances remained constant, the vibration amplitude varied
inversely with the tip inertia®. A second effect was that variations of the tip inertia (boundary conditions)
produced corresponding changes in the solar array frequencies of vibration and mode shapes'®. A third effect
that occurred due to the rotation of a flexible appendage was the variation of disturbance transmission

resulting from the changing orientation of mode shapes'®.

This paper presents analysis results from the experiments and flight data of the first 737 days after launch.
Following an overview of the spacecraft, results are presented which show solar array drive, solar array
modal, high gain antenna drive and appendage thermal-elastic bending contribution to the spacecraft
dynamic response. The paper then presents the effects of orbital and configuration variation on spacecraft
dynamic response. Spacecraft jitter (the angular excursion of an instrument's line-of-sight in a reference
time interval (such as a sampling time period)) amplitude variation with tip inertia rotation is presented.
The influence of solar array rotation direction and the solar incident energy on jitter amplitude is presented
afterwards. Next, the spacecraft modal variation with tip inertia rotation is presented. The inertia variation

results in modal bands for the solar array edgewise and flatwise modes. Three subsystem disturbances have



frequencies which overlap the bands. The results of examining configuration and orbital variations on

thermal bending of the solar array is presented next. The last section presents analysis of the disturbance

transmission variation with appendage rotation. The results of studying the in-flight dynamics of the

UARS have shown the significance of the effects of spacecraft inertia variations on the modal characteristics

of flexible appendages and on spacecraft jitter. Furthermore, results of these analyses can be extended to

spacecraft with similar dynamic characteristics such as the Mir and the International Space Station.

1.1 UARS In-Flight Dynmics Study Highlights

The following are a highlights from the UARS dynamic study:

e UARS Disturbance Experiment, May 1, 1992.

¢  UARS Payload-Interaction Experiment, September 17, 1993.

¢ Experimental investigation of in-flight disturbances

¢ Identification of thermal elastic bending of boom extension boom containing ZEPS instrument.

e Long term (600 day duration) analysis of solar array thermal bending

o Correlation of WINDII and HRDI wind measurements with UARS vibration

¢ Identification and analysis of payload-payload interaction and structure-payload interaction.

¢ Discovery of latitude specific vibration response produced by UARS solar array drive.

¢ Identification of the tracking and relay high gain antenna effects on spacecraft response.

e Analysis of solar array modal variations with rotation about drive shaft.

e Examination of reduction gear drive dynamic effects on spacecraft response.

¢ Development of sub-assembly methodology and architecture to model multi-payload spacecraft.

Approach includes nonlinear dynamics.



1.2 Publications and Presentations

The following are journal, nonformal and conference publications resulting from the study of UARS in-

flight dynamics:

1. S. E. Woodard, M. Garnek, J. D. Molnar and W. L. Grantham, “The Upper Atmosphere Research
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2. Molnar, J. and Garnek, M., "UARS In-Flight Jitter Study for EOS," NASA CR 191419, Jan
1993,
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Control-Structures Interaction Simulation Development,” AIAA 33rd Aerospace Sciences Meeting and

Exhibit, Reno, NV, January 9-12, 1995, AIAA Paper No. 95-0622.
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6. A. J. Butterfield and S. E. Woodard, “Science Instrument and Structural Interactions Observed on the
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1996.

7. C. R. Larson, S. E. Woodard, L. Tischner, E. Tong, M. Schmidt, J. Cheng, E. Fujii, and S.
Ghofranian, “Multipayload Modeling for the Upper Atmosphere Research Satellite,” Journal of Spacecraft
and Rockets, Vol. 33, No. 4, July-August 1996



8. S.E. Woodard, D. A. Gell, R. Lay, and R. Jarnot, “Experimental Investigation of Spacecraft In-
Flight Disturbances and Dynamic Response,” Journal of Spacecraft and Rockets, Vol. 34. No. 2, March-
April 1997,

9. S. E. Woodard, R. Lay, R. Jarnot and D. Gell, ‘“Measured Spacecraft Dynamic Effects on
Atmospheric Science Instruments,” 35th Aerospace Sciences Meeting, Reno, NV, Jan 6-9, 1997,

10. S. E. Woodard, R. Lay, R. Jarnot and D. Gell, ‘“Measured Spacecraft Dynamic Effects on

Atmospheric Science Instruments, submitted to the IEEE Transactions on Geoscience and Remote Sensing.

11. S. E. Woodard, “Orbital and Environmental Influences on Spacecraft Dynamic Response,” submitted

to Journal of Guidance, Control and Dynamics.

12. S.E. Woodard, “The Upper Atmosphere Research Satellite In-Flight Dynamics,” NASA Technical
Memorandum 110325.



2. UARS Overview

The UARS observatory, Figs. 1 and 2, included ten science instruments mounted on an instrument module
which was affixed to a multimission modular spacecraft > °. The modular spacecraft provided attitude
control using the reaction wheel assembly; communication and data handling; electrical power distribution;
and propulsion®®'. A high gain antenna (HGA) provided forward and return communication links to the
two Tracking and Data Relay Satellites (TDRS)*®. A Solar-Stellar Pointing Platform (SSPP) and six solar

array panels on a single sail were also attached to the IM> 6,

2.1 Science Measurement Characteristics

There were five types of measurements, Fig. 3, used on UARS. Emission measurements were performed
by instruments mounted to the instrument module which were non-gimballed®. Thus, their line-of-sight
pointing was entirely dependent upon the spacecraft attitude. Solar/Stellar pointing was done by the SSPP
which pointed three instraments mounted on it to the sun for measurement’. It pointed to certain bright
blue stable stars so that one of its instruments could compared solar ultraviolet output to that of the stellar
targets. Thus, its line-of-sight pointing changed from the sun to the various stellar targets. Continuous
periodic disturbances resulted from the High Resolution Doppler Imager* 7 and the Microwave Limb
Sounder which were limb viewing instruments that determined the altitude profiles of atmospheric
parameters by repetitiously taking vertical scans of the atmosphere’s limb. Similar to limb viewing, were
measurements using the solar occultation technique. Disturbances from HALOE (Halogen Occultation
Experiment) solar occultation measurements were relatively short in duration but required precise tracking of

the sun®.

Particle environment monitoring was also performed on UARS. Some of the particle environment
measurements were done by an instrument which was at the end of an elastically flexible instrument boom.
In Table 1 are the placement (the ability to position a boresight to a predefined pointing direction),
knowledge (the definitive (after-the-fact) determination of the instrument boresight pointing direction), long
term stability (the maximum excursion of a boresight over a given time period), and short term stability
(jitter) requirements for all instruments®. One arc-s of roll displacement results in 0.0124 km displacement
in the atmospheric limb. These pointing requirements were determined by each instrument's respective
principal investigator based upon instrument characteristics and the physical parameter being measured. The
Wind Imaging Interferometer (WINDII) had the most stringent pointing requirement of 4 arc-s per 2 s

window about the roll axis (axis of least inertia)* "5,



2.2 Disturbances Known Before Launch

Six of the UARS instruments and subsystems were gimballed. During the course of an orbit many
disturbances were imparted to the platform which included impulses and periodic disturbances™ "2, The
satellite had two elastically flexible appendages (the solar array and an instrument boom) which were excited
by multiple disturbance sources on-board the spacecraft. In Table 2 are descriptions of disturbances known
before launch which have a measurable impact on spacecraft jitter. Many of these disturbances were
triggered by the spacecraft’s position in orbit such as thermal snap of the solar array as the spacecraft passed
through the Earth's terminator (Refs. 7, 11 and 12) or HALOE events during orbital sunrise and sunset
(Refs. 3 and 7). Some were due to UARS relative position to other spacecraft such as the line-of-sight of
the high gain antenna to the Tracking and Data Relay Satellites (East and West) in geostationary orbits™ 6.
Other disturbances which were assumed to be negligible are due to internal mechanisms of the UARS’s
science instruments and subsystems. After launch, it was determined through observation and correlation of
flight data that the combined dynamics of the solar array and solar array drive; and the high gain antenna

drive dynamics during tracking and rewinding are major disturbance sources of continuous spacecraft jitter.

2.3 Attitude Determination

UARS’ attitude determination and control subsystem had numerous sensors on-board for attitude

6 14 These included an earth sensor assembly module. Fixed-Head star trackers and an

determination®
inertial reference unit. However, due to limitations in either sampling rate or resolution, the only means of
measuring attitude suitable for studying jitter was with the inertial reference unit gyros at the aft end of the

spacecraft. These gyros had a resolution of 0.05 arc-sec with a sampling rate of 7.8125 Hz.

2.4 Spacecraft Physical Characteristics

Design and analysis concerns for multi-payload spacecraft included identifying any adverse payload-payload
interaction or structure-payload interaction. Such interactions were dominated by the gimballed instrument
and subsystem inertia, payload motion profiles, gimbal location, gimballed payload center of mass relative
to gimbal location; spacecraft mass and inertia; the modal properties of the primary structure and flexible
appendages; torque profiles inputted at the gimbal drive shafts; and, attitude control system bandwidth and
roll-off relative to appendage motion frequency. The inertia ratios for the gimballed instruments and
subsystems to the spacecraft roll, pitch, and yaw inertia are given in Table 3 (Ref. 10). This ratio was a

critical parameter to the overall contribution of each instrument to spacecraft jitter.



Structural frequencies, subsystem operating frequencies, and gimballed science instruments frequencies
below 4.0 Hz ( the Nyquist frequency for the rate gyros is 3.90625 Hz)* " '* are shown in Fig. 4. The
structural frequencies are listed in Table 5 for various solar array positions. In Table 4, are the stiffness
properties for the deployed appendages. The attitude control system had a bandwidth of 0.07 rad/sec with a
roll-off of 36 dB per decade® '®. Disturbances due to rewind of the Microwave Limb Sounder antenna were
partially attenuated by the attitude control system. A band represents the structural frequencies for the first
two solar array modes. The structural frequencies of the modes varied as the solar array rotated through a
complete revolution”* *. During this rotation, the frequencies crossed. Harmonic drive output frequencies
for the SSPP, solar array drive, and the high gain antenna during their tracking were also within the
frequency band of the solar array. During separate parts of an orbit, the subsystems with harmonic drives

will resonated both the solar array flatwise and edgewise modes.



3. Typical UARS Orbital Dynamics

The complexity of UARS as a science platform and how the science measurement and subsystem events
affect the motion of the spacecraft can be understood by examining the events of one orbit. Fig. 5
illustrates all events which imparted disturbances to the satellite during the first orbit of January 28, 1992.
These events are described in Table 6. During this orbit (first orbit of the day) all UARS instruments and
subsystems were operating nominally. The data and analysis will give spacecraft control-structure designers
and researchers an understanding of in-flight disturbance events and their effect on spacecraft jitter. The
Microwave Limb Sounder (MLS) and the High Resolution Doppler Imager (HRDI) imparted continuous

repetitious disturbances to the spacecraft throughout the orbit.

Analysis of flight-data for the first orbit of January 28, 1992 (the 139th day past launch) is presented in this
section. During this time, the UARS instruments and subsystems which were examined were all
functioning nominally. The events shown for this day are typical with the minor exception that instrument
scanning patterns are changed throughout the life of the spacecraft to improve measurements; adjust for
seasonal variations in the atmosphere; and, to focus more on a particular atmospheric constituent. This
section will first present time historics of the UARS subsystems (HGA, solar array, reaction wheels)
followed by similar time histories of the instruments. Along with these time histories, will be descriptions
of their pointing requirements and reference oricntations. Rate gyro data will be presented next, followed by
analysis of the data. The time histories are for the orbit whose events were presented in Fig. 5. These

events are listed and numbered sequentially in Table 6.



3.1 UARS Subsystems

3.1.1 Modular Attitude Control System

The Modular Attitude Control System (MACS) maintained an Earth pointed orientation to accuracy of
1108 arcsec per axis using four reaction wheels*>%7% !9, Three wheels were mounted orthogonally such
that their axes were parallel to spacecraft the axes. A fourth wheel was mounted such that its rotation axis
was skewed 54.74 degrees to the other three. Attitude knowledge was maintained to F60 arcsec per axis.
In the normal control mode, a constant bias momentum was maintained on the skewed wheel to preclude
the roll and yaw wheels from crossing zero speed. The normal mode controller for the UARS MACS used
a regulator-type control law with a commanded torque whose magnitude was the accumulative sum of
scaling position, position-integral, position-integral’s integral, and position-derivative (PIID). The
controller bandwidth was 0.07 rad/sec. Control law was executed and the wheel drive commands were sent
every 0.512 sec. The time history of the MACS wheel torques for the first orbit of January 28, 1992 were
shown in Fig. 6. Because the skewed wheel was maintained at a constant 50 N-m, the roll and yaw wheel
did not have to cross zero (thus reducing attitude transients). Reaction wheels produced disturbances when
they had a sudden change in rotational speed or imbalance. Many of these disturbances were due to the

instruments slewing speed changing. Disturbance events listed in Table 6 are annotated on Fig. 6.

3.1.2 Inertial Reference Unit Gyros

Inputs to the MACS were measurements from the inertial reference unit rate gyros. All gyros had a
bandwidth of approximately 2.0 Hz (-6db)* > "  !°. Gyro data was sampled every 0.128 sec. The
measurements taken were the number of counts (0.05 arcsec per count) since the last sample. A digital
inertial reference unit prefilter provided protection from structural resonant frequencies being aliased within
the control bandwidth. Normally, the prefilter was only used in the orbit adjust mode. Other attitude
measurements included two Earth sensors, three course sun sensors, a fine sun sensor, and fixed head star

tracker . These sensors did not have the sampling frequency and resolution suitable for this study.

UARS inertial reference unit rate gyros were the most useful measurement source for this study. In Fig. 7
are time histories of the roll, pitch and yaw gyro counts. The solar array thermal snaps were the most
pronounced events recorded with the inertial reference unit. These occured due to the rapidly changing
thermal conditions of the solar array as it crossed the Earth's penumbra. This is illustrated in Fig. 8. The

pitch gyro data also shows orbital as well as attitudinal trends. Because most of the orbital motion was



resolved to the pitch axis (local vertical), the on-board computer subtracted out the orbital rate. This
prevented the pitch gyro counter from constantly restarting. However, some residue of the orbital motion
remained. All gyros had a very low rate/trend bias. The orbital motion and bias were more readily seen
once the gyro data had been integrated, Fig. 9, to give position. By using sliding jitter windows of 2
seconds, the orbital motion and biases in yaw and roll were eliminated. Jitter was determined by taking the
absolute value of the difference between the minimum and maximum position values within the window.
The window was slid through the entire time history. The pitch axis still contained the residue of the
orbital motion. The subsequent sliding 2 second jitter windows were sufficient for this study.

Furthermore, larger jitter windows can be derived from combining the two second windows.

3.1.3 Solar Array

UARS orbits began with the spacecraft crossing the ascending node of its orbit. However, in this study,
the solar array zero position was used as a means of referencing the beginning of an orbit because many of
the dynamics observed in this study were correlated with the solar array position. The solar array had seven

rotation rates, -3 @, -2 @y, -10,, 0, 1@,, 2 @,, and 3 @, (where @, was the nominal orbital angular

velocity). The solar array had both an open loop and closed loop mode of operation™ 6. Normally, it
operated open loop. The solar array orientations for various positions were illustrated in Fig. 10. The
encoder measured the relative position of the solar array with respect to the spacecraft axes (Fig. 10). The
forward direction of rotation was defined as the direction the solar array was rotating when the spacecraft was
flying in the forward direction. The spacecraft periodically (approx. every 36 days) changed its direction of
flight (180 degree yaw maneuver) to prevent solar array energy collection and solar heating of payloads
from becoming a problem. The time history of the solar array rotation for the first orbit of January 28,

1992 is shown in Fig. 11. The solar array was rotating in the forward direction.

3.1.4 High Gain Antenna

UARS high gain antenna was a two-axes gimbal driven parabolic antenna. The two gimbals were
controlled by the high gain antenna gimbal drive electronics which used regulator-type (proportional,
integral, and derivative) control. Both the UARS on-board computer and ground station could be used as a
source for commands™ . The outboard axis, alpha, was nominally parallel to the spacecraft pitch axis, Y.
Inboard and perpendicular to the alpha axis was the beta axis. With respect to the spacecraft coordinate

system, alpha and beta were defined as:

10



X
O = arctan —
Y

(3.1)
and
B= arctan—i——
VX*+Z°
(3.2)

When ¢ and ﬂ are both zero, the high gain antenna coordinate system is co-aligned to the spacecraft

coordinate system and the high gain antenna is oriented toward the Earth (+Z Ref. 6). The + X is in the
direction of flight. The antenna alternated between tracking the Tracking and Data Relay Satellite (TDRS) -
East (when UARS was over the Earth’s eastern hemisphere) and Tracking and Data Relay Satellite - West.
Depending upon UARS orbital parameters, it completed tracking one TDRS, rewinded, waited for the other
TDRS to appear beyond the orbital horizon, and then tracked the other TDRS; or, after completing tracking
of one TDRS, it will rewinded and then tracked the other TDRS. Fig. 12 shows the time history of the
antenna alpha and beta gimbals for the first orbit of January 28, 1992. The disturbance from the HGA
which resulted in jitter was when the antenna changed its rotational speed (i.e. from tracking to rewinding).
The resulting impulse was proportional to the speed change and gimballed inertia. Vibration amplitudes
and frequencies of the spacecraft depended upon the impulse magnitude, point and direction of application,
the transmission of the impulse to the various mode shapes of the flexible appendages and modal parameters

for the modes shapes such as damping, stiffness, and inertia.

3.1.5 Solar Stellar Pointing Platform

The Solar Stellar Pointing Platform was a two-axes gimbal driven payload mount which pointed the three
instruments mounted on it to cither the sun or selected stars. The two gimbals were controlled by the
SSPP gimbal drive electronics which used regulator-type control which was similar to the high gain
antenna. The UARS on-board computer was used as a source for commands™®. Its alpha and beta gimbal
axes had the same orientation to the spacecraft as the high gain antenna with the alpha gimbal outboard of
the beta gimbal. The time history of the SSPP alpha and beta gimbals for the first orbit of January 28,
1992 are shown in Fig. 13. Similar to the high gain antenna, the disturbances from the SSPP which

resulted in jitter was when the SSPP changed its rotational speed.
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3.2 Instruments

3.2.1 Halogen Occultation Experiment

The Halogen Occultation Experiment (HALOE) was mounted amidship on UARS near the High Resolution
Doppler Imager (HRDI) instrument. Its objective was to measure the vertical distribution of O3, HCI, HF,

NO, CHg, H20 and NO7 and the atmospheric pressure profile. HALOE used the solar occultation

technique (Fig. 3). As the Sun-spacecraft line-of-sight transversed the Earth's atmospheric limb during
satellite sunrise and sunset events, chemical species in the atmosphere which absorb infrared energy in well
defined wavelength bands were measured by HALOE. Because the sun was used as a background light
source, the instrument’s instantaneous field of view (IFOV) had to be maintained during calibration and
measurements. A stepper-motor-driven biaxial gimbal system, fine and coarse sun sensors, and
microprocessor-based closed-loop feedback sun tracking control logic were used to maintain the IFOV. The
biaxial gimbal assembly (BGA) contained independently controlled gimbals with a £185° azimuth range

and a 39° elevation range. Coarse and fine sun sensors provided error signals to the control algorithm.

HALQE alternated between sunrise and sunset scanning sequences. In Fig. 14 are shown the elevation
gimbal angle histories during the above mentioned events. Orbital motion was accommodated by the
control law operation every 0.128 sec. The degree of orbital motion compensation varied with the angle
formed by the sun-spacecraft line-of-sight and the spacecraft's velocity vector. Because orbital motion was
constant, stepping of the HALOE gimbal generated a disturbance at 7.8125 Hz. This disturbance to the
platform was unimpeded due to the bandwidth (0.01 Hz) of the UARS attitude control system and affected

the line-of-sight pointing of all science payloads.

3.2.2 High Resolution Doppler Imager

The High Resolution Doppler Imager was mounted amidship on UARS. HDRI observed the Doppler shifts
of spectral lines within the spectral band of molecular oxygen. These shifts were measured in two different
directions, yielding two components of the wind velocity relative to the spacecraft’. A triple-etalon Fabry-
Perot interferometer served as a high resolution spectral filter to reject continuous emissions outside the
desired absorption lines. The interferometer was mounted to a two-axes gimballed telescope whose motion
was controlled by a microprocessor. HRDI measured Doppler shifts by performing a vertical altitude scan
in the direction forward of the spacecraft's velocity. The telescope was then rotated 90 degrees and a second

vertical altitude scan was performed. The sequence of measurements yielded two measurements of the same
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region of the atmosphere in a time interval which was relatively short compared to the characteristic time
scales for changes in the wind field. HRDI had an open-loop scan profile for the day and a different open-

loop scan profile for the night part of the orbit which are shown in Fig. 15

In Figs. 16 and 17 are shown the effect of the attitude control system on accommodating the HRDI scans.
When HRDI started its night scan, the attitude control system had no influence on how its motion effected
the spacecraft. During the HRDI day scan, the frequency was low enough that the attitude control system
had some effect on the subsequent motion of the spacecraft. The HRDI telescope had a smaller inertia ratio
than the other instruments but its scanning frequency during the night portion of an orbit had significant
effect on the spacecraft motion. The inertia ratio between the gimballed instruments and subsystems to the
spacecraft inertia is given in Table 3. The inertia ratio had a significant effect on how much subsequent
motion the spacecraft had due to the motion of the instruments. This was due to the same torque being
applied to the payload and to the spacecraft but in an opposite sense. The subsequent motion of the payload
and the spacecraft was proportional to their respective inertia resolved to the gimbal drive shaft. Observed,
Fig. 16, on UARS was a switching of scanning profiles of the High Resolution Doppler Imager and the
corresponding yaw angular position of UARS. UARS attitude control system had a control bandwidth of
0.01 Hz. Before 3420, the scanning pattern had a frequency of 0.083 Hz and amplitude of 74 deg. After
3420 seconds, HRDI had a scanning frequency of 0.0067 Hz and amplitude of 51 deg. The HRDI azimuth
gimbal history and the resulting yaw motion are shown in Fig. 17. It is readily apparent that the effect of
the attitude control system on jitter was to attenuate rigid-body motion if it was within the controller

bandwidth or roll-off.

3.2.3 Microwave Limb Sounder

The Microwave Limb Sounder (MLS) had two gimballed parts. The antenna stepping history and the
switching mirror position history for a complete orbit are shown in Fig. 18 (Ref. 5). An microwave
antenna scanned the vertical profile of the atmosphere. The scan cycle of 65.5 seconds consisted of a
forward limb viewing trace followed by a rewind. At the beginning and end of an orbit, the antenna steps
were adjusted to account for the Earth's oblateness. A switching mirror was synched with the antenna and
moved through three positions: an internal calibration target; a zero-reference space view; and the
atmospheric signal from the antenna system (limb). The inertia ratio for MLS was far higher than that of
HRDI but the attitude control system had more influence on the subsequent MLS motion as compared with
what it had with on HRDI night scan. The motion profile of the MLS and the motion of the spacecraft

about its roll axis are shown in Fig. 19. The MLS antenna scanning frequency was 0.015 Hz. Similar to
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the HRDI day scan, the attitude control system attenuated the subsequent rigid-body motion due to the

antenna motion.

3.3 Elastically Flexible-Body Motion

The flexible appendages of UARS which had structural resonance frequencies within the Nyquist frequency
of the rate gyros were the extension boom for the Zenith Energetic Particle System instrument and the solar
array. Before launch, the primary known excitations of these appendages were impulses due to instrument
change in motion. All pre-launch analysis was performed using a structural finite element model of the
UARS spacecraft. The flexible appendages of the spacecraft could each be considered as a free-free beam
with a tip mass and tip inertia due to the spacecraft. Ref. 16 has shown that such a consideration will allow
one to predict variations of modal properties as one changes boundary conditions. In the case of the UARS
appendages, the changes were due to solar array edgewise and flatwise modes transverse vibration. During
solar array rotation, the tip inertia of thc array (the spacecraft) varies. Thus, in one configuration the
transverse vibrati